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SUMMARY 29
The progression of age-related sarcopenia can be accelerated by impaired recovery of muscle 30 mass following periods of disuse due to illness or immobilization. The molecular underpinnings 31 of poor recovery of aging muscle following disuse remain largely unknown. However, recent 32 evidence suggests that mitochondrial energetics may play an important role. Here, we report that 33 22-24 month old mice with low muscle mass and insulin resistance display poor early recovery 34 of muscle mass following 10 days of hind limb unloading. We took an unbiased approach to 35 identify changes in energy metabolism gene expression and metabolite pools and show for the 36 first time that persistent mitochondrial dysfunction, dysregulated fatty acid β-oxidation and 37 elevated H2O2 emission underlie poor early recovery of muscle mass following a period of disuse 38 in old mice. Importantly, this is linked to more severe whole-body insulin resistance. The 39 findings suggest that muscle fuel metabolism and mitochondrial energetics should be a focus for 40 mining therapeutic targets to improve recovery of muscle mass following periods of disuse in 41 older animals. Skeletal muscle is a highly plastic tissue that can adapt its mass, structure and metabolic capacity 53 in response to changes in mechanical load. During aging, skeletal muscle exhibits a progressive 54 loss of mass and strength, also called sarcopenia, and an attenuated adaptive recovery following 55 atrophy induced by: disuse, immobilization, starvation and glucocorticoid treatment (Dardevet et The hypertrophic response to functional overload is also blunted with aging (Degens & Alway 58 2003) . Poor recovery of muscle mass and strength, even with exercise training, a potent anabolic 59 stimuli, has also been reported in older humans following unilateral leg immobilization (Suetta et 60 al. 2013) . Indeed, the lack of recovery from disuse has been suggested to accelerate sarcopenia in 61 older adults, a condition that can increase risk of frailty, morbidity and loss of independence 62 (English & Paddon-Jones 2010) . Currently, there are no effective therapies to counteract disuse-63 induced muscle atrophy and poor recovery of muscle mass, in part because a detailed 64 understanding of the mechanisms underlying loss of muscle plasticity with aging are unknown. 65
In addition, the older population demographic is growing and tends to experience more frequent 66 and prolonged periods of inactivity, increasing the need for the development of safe and effective 67 therapeutics. 68
Maintenance of skeletal muscle mass reflects a finely controlled balance between protein 69 synthesis and degradation. Hypertrophy results from a shift to protein synthesis and the primary 70 anabolic pathway involves the mammalian target of rapamycin complex 1 (mTORC1). mTORC1 71 is principally regulated by nutritional cues, insulin/growth factor signaling cascades and 72 mechanotransduction (Hoppeler 2016) . Contractile inactivity induced muscle atrophy is due to 73 reduced basal and postprandial protein synthesis, also known as anabolic resistance, and elevated 74 protein degradation by ubiquitin/proteasome and autophagy/lysosome pathways (Bonaldo & 75 Sandri 2013) . Protein breakdown is initiated by inflammatory, glucocorticoid, and 76 myostatin/TGFβ pathways (Egerman & Glass 2014) . While the protein degradation/synthesis 77 pathways are relatively well characterized, upstream regulation, particularly in the context of 78 muscle plasticity in aging, is less well understood. 79
Separate lines of investigation have shown that mitochondrial dysfunction occurs in 80 aging muscle, as evidenced by decreased content, mitochondrial protein synthesis, elevated 81 reactive oxygen species (ROS) emission and apoptosis, and reduced ATP production, calcium 82
handling (Joseph et al. 2015) . Recent evidence also points to mitochondria as an important nexus 83 of control for acute muscle atrophy during disuse (Powers et al. 2012) . Rodent studies using 84 mitochondrial-targeted antioxidants support a crucial role for mitochondrial ROS in mediating 85 muscle atrophy, through upregulation of ubiquitin-protease enzymes (Min et al. 2011; Talbert et 86 al. 2013 ). In addition, a model of increased ROS production, the superoxide dismutase (Sod1) 87 knockout, shows exacerbated muscle atrophy during aging (Jang et al. 2010 ). Elevated 88 mitochondrial oxidative stress is purported to stimulate muscle protein breakdown by activating 89 lysosome-autophagy and ubiquitin-proteasome systems (Grune et al. 2003; Li et al. 2003; 90 Aucello et al. 2009; Smuder et al. 2010 ) and energetic stress (reduced ATP production) may also 91 activate the AMP kinase (AMPK)-FoxO3 pathways leading to increased protein degradation 92 (Greer et al. 2007; Taken together, this body of evidence implicates a central role for mitochondrial 98 energetics in regulating muscle mass and likely plays a vital role in recovery of muscle mass 99 following a period of disuse. The goal of this study was to determine whether age-associated 100 alterations in muscle mass (sarcopenia), mitochondrial function and gene/metabolic profile are 101 linked with responses to hind limb unloading induced atrophy and recovery during reloading in 102 adult (6 mo) and old mice (22-24 mo). Our data suggest that dysregulated fatty acid β-oxidation 103 (FAO) and elevated H2O2 emission from mitochondria likely contribute to compromised 104 recovery of soleus muscle mass following unloading in old sarcopenic mice. 105 atrophy recovery response of old mice, we used a modified version of the tail suspension hind 126 limb unloading model to induce hind limb muscle atrophy over a 10-day time course (Morey-127
Holton & Globus 2002) as shown in Figure 1A , followed by 3 days of reloading and voluntary 128 cage ambulation. Body weight was greater in the old mice and decreased slightly during 129 unloading and reloading in adult and old mice ( Figure 1B ). There was no significant change in 130 daily food intake during unloading and reloading in adult and old mice ( Figure 1C ). As shown in 131 and old mice at this key early period during reloading. Unloading induced significant atrophy of 139 the soleus, gastrocnemius and quadriceps muscle groups in both adult and old animals. The 140 soleus is a postural muscle consisting predominantly of type IIA and I oxidative myofibers 141 making it particularly susceptible to unloading induced atrophy. For this reason, we focused our 142 analysis predominantly on the soleus. The magnitude of soleus muscle loss was similar between 143 adult and old mice. Following 3 days of reloading, significant recovery of soleus mass occurred 144 in the adult, but not the old mice ( Figure 1D ). Similar responses were observed for the 145 gastrocnemius and quadriceps ( Figure 1E and 1F). 146
Whole body insulin action remains suppressed in old mice following unloading and 147 recovery. Periods of disuse can induce profound whole body and skeletal muscle insulin 148 resistance. We next examined whether differences in metabolic phenotype may link with the 149 poor recovery of muscle observed in old mice ( Figure 2 ). For this experiment, we compared 150 control animals to reloaded animals. As expected, whole body insulin action (slope of blood 151 glucose response to ITT) was lower in the old compared to adult mice (ANOVA main effect for 152 age, Figure 2A&B ). This was likely due to soleus and gastrocnemius glucose uptake being lower 153 in the old compared to adult mice (ANOVA main effect for age, Figure 2C & D). Significantly, 154
we found that whole-body insulin action following reloading was lower in old mice, when 155 compared to control. This was not the case for adult mice (Figure 2A Muscle protein synthesis and insulin sensitivity are both very sensitive to muscle 165 contractile activity. To determine whether differences in ambulatory cage activity explained 166 differences in muscle recovery and insulin sensitivity between adult and old mice, we examined 167 cage activity over 3-days of the recovery period ( Figure 2G ). Generally, both the adult and old 168 mice similarly recovered night and day total ambulatory cage activity, albeit in some cases (Day 169 1, for example) the reloaded animals were more active compared to controls. with this role, we found that FOXO3a was dephosphorylated (Ser253) during unloading in both 181 adult and old mouse soleus. Accordingly, the expression E3 ligases Atrogin-1 and Murf-1 were 182 also elevated during atrophy. However, FOXO3a remained dephosphorylated and Atrogin-1 and 183
Murf-1 tended to remain elevated in the old mice during recovery, compared to the adults 184 ( Figure 3B ). 185
The ratio of LC3BI/II, an index of LC3B lipidation and autophagy activation, was 186 elevated during unloading and reduced with recovery in adult and old mice ( Figure 3C ). Similar 187 trends were seen for ATG7 and PINK which are proteins involved in mitophagy. PINK1, a 188 protein thought to protect cells from stress-induced mitochondrial dysfunction, remained elevated during reloading in the old mice ( Figure 3C ). Taken together, these data show that the 190 key regulators of protein synthesis and degradation respond as expected during unloading in both 191 adult and old mice. However, following 3 days of reloading, there is persistent activation of 192 protein degradation and inhibition of protein synthesis mediators in old mice. and H2O2 emission normalized in the young animals. Interestingly, FAO supported respiration 209 did not recover in the young animals. Old mice did not recover any aspect of mitochondrial 210 function as evidenced by sustained elevated H2O2 emission and suppressed CRC and respiration. 211
Taken together, these data indicate that mitochondrial function does not improve during the early 212 recovery phase in old mice. 213
We used shotgun lipidomics to quantify the cardiolipin pool (Han et al. 2006) . 214
Cardiolipin is a phospholipid specific to the inner mitochondrial membrane and critical for ETC 215 integrity and mitochondrial function (Paradies et al. 2014) . Cardiolipin species can be broadly 216 categorized based on acyl chain length and degree of saturation, into: immature, mature and 217 remodeled species. Immature cardiolipins are those that have heterogeneous acyl chain length 218 and degree of saturation and typically contain one or more 16:1 acyl chains. Mature cardiolipins 219 have more uniform acyl chain length and degree of saturation, for example, tetralinolyol 220 cardiolipin (18:2-18:2-18:2-18:2). Remodeled cardiolipin species contain greater PUFA 221 (typically 22:6) acyl chains and may have been remodeled due to oxidative insult (Chicco & 222 Sparagna 2007). The soleus of older animals had slightly lower content of many cardiolipin 223 species, again likely due to reduced mitochondrial content with aging ( Figure 4I and Table 1S ). 224
Unloading elicited a striking reduction in many immature, mature and remodeled species of 225 cardiolipin in adult mice. There was a partial recovery following reloading. The same dynamic 226 response of the cardiolipin pool was not evident in the older mice. 227
Divergent metabolomic response between adult and old mice during unloading and 228
recovery. Targeted metabolomic profiling was conducted on soleus samples to quantify 229 acylcarnitines, organic acids and amino acids in order to assess perturbations in mitochondrial 230 fuel metabolism that may occur with unloading and reloading. We show for the first time a 231 striking decrease in long-chain acylcarnitines during unloading in the adult animals ( Figure 5A Table 3&4S ). These data suggest that FAO 239 remains suppressed during the early reloading phase in adult muscle and that recovery of 240 mitochondrial respiration is supported by glycolysis and TCA cycle anaplerosis via amino acids. 241
The increase in C4, and C5 acylcarnitines during reloading are also consistent with increased 242 amino acid catabolism and anaplerosis (Table 2S ). In old mice, the metabolomic profile in 243 response to unloading and reloading was distinctly different from that of the adult animals. The 244 majority of long-chain acylcarnitines increased during unloading and reloading in the old mice 245 ( Figure 5A ). This, in concert with reduced TCA cycle intermediates and reduced capacity for 246 respiration, suggest that FAO outpaced TCA flux and resulted in accumulation of acylcarnitine 247 species. Interestingly, many of the amino acids that were increase upon reloading in the adult 248 animals did not rise in the older animals ( Figure 5C ). 249
Transcriptomic response to unloading and reloading is similar in adult and old mice. Gene 250 expression profiling was conducted on soleus samples from the 6 groups using RNA sequencing. 251
Our goal was to determine whether the divergent mitochondrial energetic and fuel metabolic 252 responses to unloading and particularly reloading in old mice were underpinned by a distinct 253 transcriptomic response. A summary of the number of differentially regulated genes is presented 254
in Table 7S . The database for annotation, visualization and integrated discovery (DAVID) v6.8 255 was used to identify enriched biological themes via functional annotation (Dennis et al. 2003) . 256
The top significantly up-and down-regulated functional category terms for each group 257 comparison are presented in Supplemental Tables 8-11S . Terms related to mitochondrial 258 function and fuel metabolism were downregulated in during unloading for both adult and old 259 mice (Table 8&9S) . Surprisingly, mitochondria related terms were also significantly 260 downregulated during reloading for adult and old mice (Table 10&11S ). These findings were 261 confirmed by qRT-PCR assay for expression of key nuclear transcription factors that drive 262 mitochondrial energy metabolism, including: Ppargc1a (PGC-1), Esrrg (ERR), and Esrra 263 (ERR) ( Figure 6A) . 264
We next compared the collective results of the transcriptomic and metabolomic profiling. 265
This comparative analysis is depicted by heat maps ( Figure 6B&C ) which display the direction 266 of differential expression. The analysis was restricted to a subset of genes involved in 267 mitochondrial fuel and energy metabolism relevant to the metabolites measured in the targeted 268 metabolomics profile. This comparison highlights striking differences in the metabolomic and 269 transcriptomic responses during the reloading condition for adult and old mice. In adult mice, the 270 recovery of mitochondrial respiratory capacity occurs along with partial normalization of 271 metabolites, particularly amino acids and organic acids, but not acylcarnitines. In contrast, FAO, 272 TCA and ETC genes remained repressed. In old mice, the metabolite response during recovery is 273 distinctly different. Namely, acylcarnitines were elevated while organic acids and amino acids 274 remained low. Moreover, FAO, TCA and ETC genes remained repressed. Taken together, these 275 results indicate that mitochondrial energetics gene and metabolite profiles are repressed in 276 concert with unloading and muscle atrophy. However, metabolite levels clearly distinguish the 277 early muscle hypertrophy response in adult animals versus the lack of recovery in old animals 278 upon reloading and to a far greater degree than mitochondrial energetics gene profiles. 279
DISCUSSION 281
During aging, skeletal muscle exhibits a progressive loss of mass and strength known as 282 sarcopenia (Rosenberg 1989) , and an attenuated ability to recover muscle mass following acute 283 periods of disuse or unloading. Poor recovery of muscle mass following periods of disuse is a 284 significant health concern for older adults that leads to lower activities of daily living and 285 increased risk of frailty and mobility disability. The mechanisms responsible for the lack of 286 muscle mass recovery in old mice following disuse have not been fully elucidated but are likely 287 complex and multifactorial. Investigations to date have focused on attenuated protein synthesis 288 possibly due to ER stress and impaired neuromuscular transmission (Baehr et al. 2016 ). In 289 separate lines of investigation, aging has also been linked with insulin resistance and 290 mitochondrial dysfunction in skeletal muscle (Konopka & Sreekumaran Nair 2013) . Here, we 291 report that 22-24 month old mice with low muscle mass and insulin resistance, display poor early 292 recovery of muscle mass following 10 days of hind limb unloading. We took an unbiased 293 approach to identify changes in energy metabolic gene expression and metabolite pools and 294
show for the first time that persistent mitochondrial dysfunction and a dysregulated metabolic 295 response underlie poor early recovery of muscle mass in old mice. Importantly, this is linked to 296 Although impaired recovery by aged muscle is reasonably well documented, the 322 mechanisms responsible for the lack of growth are not clearly defined. We show for the first time 323 that impaired early recovery of muscle mass may be exacerbated by insulin resistance and 324 persistent mitochondrial dysfunction in old animals. In stark contrast to adult mice, there was no 325 change in the cardiolipin species of old mice that likely contributed to persistent mitochondrial 326 dysfunction. Cardiolipin synthesis and remodeling is critical for correct cristae folding and 327 functional integrity of the ETC complexes. The increase in acylcarnitines (long chain in 328 particular) in concert with reductions in particular TCA cycle organic acids (fumarate and 329 malate), and no change in pyruvate or lactate, suggest a bottleneck in carbon flux from ß-330 oxidation into the TCA cycle which could reduce the capacity to generate the reducing 331 equivalents needed to produce ATP contributing to the anabolic response. The change in muscle 332 metabolite pools during reloading in old mice is similar to that observed with high fat feeding 333 and obesity (Koves et al. 2008 ). In addition, the metabolite profile served to robustly distinguish 334 the phenotype of poor muscle recovery in old mice. Our findings are also in line with 335 observations that insulin resistance, obesity, and elevated plasma free fatty acids are linked with 336 blunted amino acid stimulated muscle protein synthesis Stephens et al. 337 2015) . Further studies are needed to examine whether alterations in mitochondrial fatty acid 338 import or FAO may impact early recovery of muscle in old mice, potentially via improved 339 insulin sensitivity. 340
Interestingly, while metabolite profile distinguished the phenotype of poor muscle 341 recovery in old mice, transcriptomic profiles for energy metabolic pathways were similar 342 between old and adult mice during unloading and reloading. In addition, the recovery of 343 mitochondrial respiratory capacity in adult mice occurred along with partial recovery of 344 metabolites, while FAO, TCA and ETC genes remain repressed. Indeed, FAO genes appeared to 345 be further repressed during unloading in adult mice. These data suggest that the early recovery of 346 mitochondrial function following reloading is, seems to be independent of FAO and mediated by 347 cardiolipin remodeling and alterations in metabolite profile. This, in turn, could affect post 348 translational modification and activity of ETC, although this remains to be tested. Taken 349 together, these results indicate that mitochondrial energetics, gene and metabolite profiles are 350 repressed in concert with unloading and muscle atrophy. 351
In summary, our data suggest that dysregulated FAO and elevated H2O2 emission from 352 mitochondria likely contribute to the lack of recovery of soleus muscle mass following unloading 353 in sarcopenic mice. These findings suggest that pathways governing muscle fuel metabolism and 354 mitochondrial energetics might harbor promising therapeutic targets for improving the recovery 355 of muscle mass following periods of disuse in older patients. Globus 2002). Briefly, a small metallic hook is taped to the base of the tail using non-abrasive 388 adhesive tape wrapped in a helical pattern. The hook is then attached to a small swivel key chain 389 that is attached to a metal rod that runs the length of the microisolator cage. The mice could 390 move on a y-axis and rotate 360 degrees and so had access to all areas of the cage. The hind 391 limbs are maintained just off the cage floor with the body of the mouse at ~30 o angle from the 392 cage floor. The mice can move freely and the angle and height of the mice are checked daily. 393
The control mice were separated into the individual cages with the exactly the same conditions 394 as unloading groups, but without tail suspension.
After 10 days of UN, RL, or CON, the mice were fasted for 4 hours and sacrificed by 396 CO2 asphyxiation and cervical dislocation, or anesthetized with sodium pentobarbital (IP 397 administration, 50mg/kg) for muscle harvested for metabolomics analysis. The soleus, 398 gastrocnemius, and quadriceps femoris muscle groups were immediately harvested and weighed. 399
The soleus muscle from right hind limb was used for fresh tissue assay immediately and other 400 muscles were snap-frozen in liquid nitrogen for other analysis. 
